To investigate the mechanism of action by which farnesol functions as an antibacterial agent and inhibits Staphylococcus aureus growth, the growth rates of S. aureus cultured in farnesol versus S. aureus cultured in farnesol and supplemented with 3-hydroxy-3-methylglutaryl (HMG)-CoA or mevalonate were compared. The investigation was designed to observe whether farnesol affected on the mevalonate pathway by using the intermediate metabolites of the pathway. The resulting growth curves demonstrated that mevalonate reduced the antibacterial activity of farnesol, but HMG-CoA did not inhibit farnesol. These results suggest that farnesol affects the mevalonate pathway. Moreover, farnesol inhibited HMG-CoA reductase activity in an in vitro enzymatic assay.
INTRODUCTION
Nosocomial infections are a serious problem, and the appearance of pathogenic, antibiotic-resistant bacteria has made it difficult to solve this growing problem. Moreover, many pathogenic bacteria that cause community-acquired infections are also becoming resistant to antibiotics. The existence of resistant community-acquired pathogens makes the problem of antibiotic-resistant bacteria even more complex. Staphylococcus aureus has become resistant to various antibiotics; consequently much effort has been made to identify novel compounds with antibacterial activities that are effective against S. aureus and to analyze their mechanisms of action.
Compounds from plants, such as essential oils, have attracted considerable interest as candidate antibacterial compounds. Many plant compounds have been used as traditional medicines against various pathogens and some have antibacterial activity.
We have studied the antibacterial activity of terpene alcohols with aliphatic carbon chain against S. aureus in detail [1] [2] [3] and found that farnesol, which is classified into sesquiterpene alcohol, showed significant antibacterial activity. 1 Moreover, farnesol damages bacterial cell membranes. 4 We found that the antibacterial effects of farnesol increased when geraniol was added to bacterial suspension of S. aureus. Geraniol does not express the effective antibacterial activity against S. aureus and does not damage the cell membrane of S. aureus effectively. 3 It was speculated that the damage of cell membrane was more serious when the antibacterial effects increased if the only mode of action was the damage on the cell membrane. The observation of leakage of K + ions revealed that the damage of cell membrane was less serious when geraniol was added to bacterial suspension containing farnesol. 5 Then we considered that there might be other mode of actions.
Some authors reported the cytotoxicity of farnesol inducing apoptosis by the inhibition of biosynthesis of phosphatidylcholine 6 and by degradation of 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase. [7] [8] [9] Their HMG-CoA reductases came from Chinese hamster ovary cell, Met-18b-2 cell and HL60 etc. They are class I HMG-CoA reductase. No report has found the effect of farnesol on class II HMG-CoA reductase which S. aureus contains.
In this study, we investigated whether farnesol inhibits bacterial growth by an additional mechanism other than its ability to damage bacterial membranes; specifically, we tested whether farnesol inhibits the mevalonate pathway. The growth rate of S. aureus cultured using the 'broth dilution with shaking' method was monitored 10, 11 to identify compounds that inhibit the effect of farnesol on S. aureus growth rate. Each compound tested affects a specific metabolic step; therefore we could identify the mode of action of farnesol based on the metabolic role of the compounds that inhibit farnesol.
MATERIALS AND METHODS

Microorganism and reagents
S. aureus FDA209P, was used as the standard strain and was incubated in brain heart infusion broth (Becton, Dickinson and Company, Sparks, MD, USA).
Coagulase-negative staphylococci (S. epidermidis JCM2414, S. warneri JCM2415 and S. xylosus JCM2418) and enterococci (Enterococcus faecalis NBRC3989 and E. faecium NBRC3128) were incubated in brain heart infusion broth. Escherichia coli NIHJ JC2 and Pseudomonas aeruginosa PAO4141 were incubated in Luria-Bertani (LB) broth (Becton, Dickinson and Company).
Farnesol, NADP (NADPH) and HMG-CoA were purchased from Sigma Chemical (St Louis, MO, USA).
Broth dilution with shaking method
The broth dilution with shaking method was described previously, 10,11 and we applied it as follows. The compound to be tested was added, at the indicated concentrations, to 10-ml aliquots of brain heart infusion broth in loosely capped L-tubes without any solubilizing agent or surfactant.
An aliquot (5 ml) of an overnight culture of S. aureus was added to each 10-ml aliquot of brain heart infusion broth to give B1Â10 5 colony-forming units of S. aureus per ml. Each culture was incubated with shaking at 40 r.p.m. in air for 24 h at 37 1C. The growth of each culture was monitored turbidimetrically. The OD at 660 nm (OD 660 ) was determined with a biophotorecorder (TN1520, Advantech, Tokyo, Japan). Any delay in proliferation could be identified by comparing the growth curve generated from a control culture incubated in the presence of farnesol (5 mg ml À1 ) with the growth curve from cultures incubated with farnesol (5 mg ml À1 ) and supplemented with a test compound.
ID 50 was calcd from the growth curve obtained.
HMG-CoA reductase assay
The activity of HMG-CoA reductase was determined by monitoring the reductive deacylation of HMG-CoA to mevalonate. 12 HMG-CoA + NADPH + 2H + ! mevalonate + CoASH + 2NADP + Assays contained 0.25 mM NADPH, 0.25 mM HMG-CoA, 50 mM NaCl, 1 mM EDTA and 25 mM KH 2 PO 4 (pH 7.5). Protein concentration of crude enzyme added to the assay system was 750 mg ml À1 , which was determined by using Bradford assay 13 using bovine serum albumin as a standard. Farnesol was added at the concentratin of 80 mg ml À1 and pre-incubated at 37 1C for 1 h and reaction was initiated by adding HMG-CoA and carried out at 37 1C for 1 h. Crude enzyme solution was obtained by sonication of a bacterial suspension and ultracentrifugation (10 500Âg, 1 h, 4 1C). The progress of the reaction was monitored by determining the absorbance of NADPH at 340 nm on a DU-65 spectrophotometer (Beckman, Fullerton, CA, USA). Each assay was run three times. Results are shown as the mean±s.d. Enzymatic reaction without HMGCoA, which was the substrate, was carried out as a negative control.
Determination of ATP concentration in bacterial cells
The ATP concentration in the bacterial cells was determined with luciferinluciferase reaction. The intensity of luminescence was measured by Lumimark (Bio-Rad, Hercules, CA, USA). The amount of ATP in the cell was calcd by subtraction of the amount of ATP outside the cell from the all amount of ATP in the bacterial suspension. The ATP measurement without bacteriolytic reagent (DKK-TOA, Tokyo, Japan) gives the amount of ATP outside cell and the measurement with bacteriolytic reagent gives the cell amount of ATP in the bacterial suspension.
RESULTS AND DISCUSSION
Antibacterial activity of farnesol was observed against some Gram positive and negative bacteria. ID 50 of farnesol to S. aureus and coagulase-negative staphylococci, such as S. epidermidis, S. warneri, S. xylosus, was 0.45 and 2.5-4.9 mg ml À1 . The growth of staphylococci and enterococci (E. faecalis and E. faecium) was inhibited for more than 24 h at the concentration of 40 mg ml À1 . In the case of E. coli, ID 50 was 8.4 mg ml À1 and farnesol did not inhibit the growth for 10 h. Against P. aeruginosa, ID 50 was not detected.
These results showed that farnesol expressed the antibacterial activity to Gram positive bacteria, especially to S. aureus as we previously reported, 1 but did not inhibit the growth of Gram negative bacteria.
Growth of S. aureus was suppressed for more than 24 h when the concentration of farnesol was 5 mg ml À1 (Figure 1) . Addition of mevalonate to S. aureus cultures grown in farnesol inhibited the effects of farnesol on growth rate (Figure 1) . Specifically, the delay in proliferation was reduced from 26 to 12 h with a mevalonate concentration of 256 mg ml À1 . These results suggest that farnesol inhibited the production of mevalonate, and when the metabolite, mevalonate, was supplied from outside the cell the mevalonate pathway was able to function even in the presence of farnesol. The growth curve of the bacterial suspension containing farnesol and HMG-CoA was similar to the growth curve of the suspension containing farnesol only (data not shown). These results suggest that HMG-CoA did not affect the antibacterial activity of farnesol.
These results suggested that farnesol inhibited the mevalonate pathway and that this inhibition resulted in antibacterial activity. Based on the data from the growth curves, farnesol most likely affects a metabolic step upstream of mevalonate synthesis and a step downstream of HMG-CoA synthesis. The production of mevalonate will decrease when the activity of HMG-CoA reductase lower. This induces the inhibition of the growth. The addition of mevalonate might supplement the decrease of the production. It is considered that this leads the recovery of the growth. The metabolic step affected by farnesol is processed by HMG-CoA reductase. To investigate the effect of farnesol on HMG-CoA reductase activity, the absorbance of NADPH at 340 nm was measured to monitor the reductive deacylation of HMG-CoA to mevalonate (Figure 2 ). It is predicted that the rate of consumption of ATP in the bacterial cell is reduced when the mevalonate pathway is inhibited at the mevalonate synthesis step because the many ATP consumption step is located at the down stream of the mevalonate synthesis step. Farnesol delayed the onset of ATP consumption and the addition of mevalonate eliminated this delay (Figure 3) . These results supports the conclusion that farnesol inhibits HMG-CoA reductase.
This study revealed that farnesol inhibited the growth of S. aureus by inhibiting HMG-CoA reductase. Because farnesol inhibits growth of S. aureus by two distinct mechanisms-inhibition of HMG-CoA reductase and damage to the cell membrane, S. aureus may not readily develop resistance to farnesol.
HMG-CoA reductase of S. aureus is classified as class II reductase, whereas that of mammalian cell is classified as class I. 12, 14 The results of this study revealed that farnesol inhibited class II HMG-CoA reductase. Statin is known to inhibit HMG-CoA reductase. However, pravastatin did not inhibit the growth of S. aureus (data not shown). Taken together, these results suggest that statins, such as pravastatin, affect class I HMG-CoA reductase but do not affect class II HMG-CoA reductases. Some authors reported that farnesol affected class I HMGCoA reductase. 6, 7, 9 Therefore, farnesol may affect both class I and II HMG-CoA reductases by a mechanism that differs from that of statin. The elucidation of the mode of action of farnesol may contribute the development and use of the novel medicines that inhibit the mevalonate pathway. Figure 3 Effect of farnesol on the amount of ATP in bacterial cell. The reaction temperature was 37 1C. Either no reagent (J), farnesol at 5 mg ml À1 (), or farnesol at 5 mg ml À1 and mevalonate at 256 mg ml À1 (n) was added to the culture.
